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We have investigated the electronic properties of SrFe2(As1−xPx)2 (0 ≦ x ≦ 1) single crystals
with postannealing treatment and established a phase diagram of this system. The postan-
nealing treatment reduced the residual resistivity in an antiferromagnetic-orthorhombic phase
and enhanced the superconducting transition temperature to Tc,optimal=33 K in the supercon-
ducting phase. The obtained phase diagram and electronic properties are similar to those of
BaFe2(As1−xPx)2 despite the large difference in lattice constants. This indicates that, for su-
perconductivity, the dimensionality of the Fermi surface determined by the crystal structural
anisotropy is less important than the pnictogen height from the Fe plane.
1. Introduction
Many types of iron-based superconductors (FeSCs) have been discovered to date, and all
of them are layered materials composed of conductive and blocking layers.1) The electronic
band calculations have revealed that a two-dimensional conductive layer results in multiple
Fermi surfaces consisting of disconnected cylindrical hole and electron pockets.2) It is theo-
retically proposed that the nesting between those pockets induces spin-density-wave order in
the parent compounds and spin fluctuations that mediate Cooper pairing in the superconduct-
ing ones.
AFe2As2 (A=Ba, Sr, Eu, and Ca), one of the parent compounds of FeSC, ex-
hibits the magnetostructural transition from the paramagnetic-tetragonal (PT) phase to the
antiferromagnetic-orthorhombic (AFO) phase below the transition temperature TS,N.1) Car-
rier doping by chemical substitution and physical pressure suppress the magnetostructural
phase transition and induce superconductivity. Another means of inducing superconductivity
∗E-mail:kobayashi@tsurugi.phys.sci.osaka-u.ac.jp
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is the application of chemical pressure by the isovalent substitution of As for P. In particular,
BaFe2(As1−xPx)2 (P-Ba122) attracts much attention in terms of the nodal superconducting
gap and magnetic quantum criticality.3)
According to previous studies of P-A122 (A=Ba, Eu, and Ca) with single crystals,3–5) as
the lattice constants are reduced (Ba>Eu>Ca), superconductivity is induced with a smaller
amount of P-substitution, and the optimal superconducting transition temperature Tc,optimal
decreases. In these systems, it was confirmed that the decrease in the anisotropy ratio of lat-
tice constants (c/a) makes the cylindrical Fermi surface more three-dimensional, namely, the
electronic anisotropy is reduced.6, 7) In this work, we use c/a as a measure of the structural and
electronic dimensionalities. The observed tendency in P-A122 implies that the anisotropy of
the crystal structure and the resultant Fermi surface topology play an essential role in the su-
perconductivity of FeSC. It supports the theoretical model in which the Fermi surface nesting
is crucial. In contrast to P-A122 (A=Ba, Eu, and Ca), the related compound SrFe2(As1−xPx)2
(P-Sr122) has not been studied in detail. An early study of polycrystalline P-Sr122 showed
the electronic phase diagram up to x ≦ 0.40, but the compound with x ≧ 0.40 was not ob-
tained.8) To clarify the relationship between the crystal structure and the superconductivity in
FeSC, it is important to determine whether or not P-Sr122 follows the tendency mentioned
above.
On the other hand, it has been reported that the postannealing treatment sometimes im-
proves the sample quality and induces marked changes in the electronic properties of FeSC.9)
Therefore, the postannealing treatment is necessary to reveal the intrinsic electronic proper-
ties of FeSC. In a previous study, we found that postannealing treatment reduces the level of
disorder, and increases the pnictogen height from the Fe plane in SrFe2(As0.65P0.35)2, leading
to a remarkable enhancement of Tc.10) It is also interesting to investigate the annealing effect
on P-Sr122 single crystals over a full range of compositions and to compare their electronic
properties with those of other P-A122 systems.
In this work, we performed a systematic study of the magnetic susceptibility, electric
resistivity and Hall resistivity of single crystals of P-Sr122 with 0 ≦ x ≦ 1 before and after
postannealing treatment. We succeeded in growing single crystals of P-Sr122 with 0 ≦ x ≦ 1
for the first time and in establishing its complete electronic phase diagram. It was found that
the postannealing treatment resulted in the reduction in the residual resistivity in the AFO
phase and the enhancement of Tc in the superconducting phase, which enlarges the Tc dome
in the phase diagram. The optimal Tc reaches 33 K, which is the highest among those of
P-A122 (A=Ba, Sr, Eu, and Ca). The obtained phase diagram is similar to that of P-Ba122
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despite the large difference in lattice constants.
2. Experimental Procedure
Single crystals of SrFe2(As1−xPx)2 (0 ≦ x ≦ 0.6) were grown by a self-flux method as
described in Ref. 10. Crystals with a typical size of 1 × 1 × 0.1 mm3 were obtained. The
obtained crystals became smaller as x increased, and eventually became smaller than the
measureable size at x ≻ 0.60.
For x = 1.0, single crystals were grown with Sn flux. The molar ratio of the starting
materials was 1:2:20 (Sr:FeP:Sn). The mixed materials were placed in an alumina crucible
and sealed in a silica tube. They were heated to 1300 ◦C and slowly cooled to 650 ◦C. The
flux was decanted in a centrifuge. Crystals of 1 × 1 × 0.1 mm3 size were obtained.
The lattice constants of the a- and c-axes were estimated by single-crystal X-ray diffrac-
tion analysis. The compositions of the obtained crystals were determined with an Electron
Probe Micro Analyzer (EPMA). The as-grown crystals were sealed in an evacuated silica
tube and postannealed under several conditions. The electric resistivity was measured by
a standard four-probe method. The measurement of magnetic susceptibility was performed
with a superconducting quantum interference device. The Hall resistivity was measured at
magnetic fields of up to 7 T at various temperatures.
3. Results and Discussion
Figure 1(a) shows the P-content determined by EPMA. We use nominal x values hereafter
because the actual compositions x′ are nearly the same as the nominal ones (x′ = 0.979 ×
x). Figure 1(b) shows the P-content dependences of the lattice parameters for the as-grown
crystals. The lattice constants a and c decrease monotonically as the P-content x increases.
The anisotropy ratio c/a and the unit cell volume V also decrease with increasing x, as shown
in Fig. 1(c). These results suggest that P-substitution causes a chemical pressure.
The c/a of SrFe2As2 is largest (∼ 3.15) among P-Sr122 but is smaller than that of
BaFe2P2, which is the smallest (∼ 3.24) among P-Ba122. This indicates that the crystal
structure of P-Sr122 is less anisotropic than that of P-Ba122. Actually, the photoemission
measurement revealed that the Fermi surface topology of SrFe2(As0.65P0.35)2 is more three-
dimensional than that of P-Ba122 as well as the crystal structure.7)
Figure 1(d) shows the P-content dependences of the pnictogen height (hPn) for P-Sr122
and P-Ba122. Despite the substantial differences in lattice parameters, hPn and its doping
dependence are similar in both systems.
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Fig. 1. (Color online) P-content dependences of (a) actual compositions determined by EPMA in single crys-
tals of SrFe2(As1−xPx)2, (b) a- and c-axes lattice constants, (c) anisotropy ratio c/a and unit cell volume (V), and
(d) pnictogen height hPn. The data for x = 0, 1.0 and P-Ba122 in (d) are cited from Refs. 8 and 3, respectively.
The solid lines in (a), (b), (c), and (d) are visual guides.
To determine the best annealing conditions, we annealed the crystals at various temper-
atures for various durations. At first, we annealed the crystals of SrFe2(As0.65P0.35)2 for 2
days at different temperatures. Figure 2(a) shows the annealing temperature dependence of
Tc determined from the magnetization M. We found that the annealing treatment at 500 ◦C
gives the highest Tc among all the examined temperatures. The annealing treatment at 800 ◦C
damaged the sample and strongly suppressed Tc. Next, fixing the temperature at 500 ◦C we
annealed the crystals for various durations. The onset Tc reached 33 K after 4 days of postan-
nealing, and did not change even when they were annealed for longer durations, as shown in
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Fig. 2. (Color online) (a) Annealing temperature dependence of Tc for x = 0.35. (b) Annealing time depen-
dence of the magnetization M for x = 0.35 at magnetic field H = 10 Oe applied along c-axis.
Fig. 2(b). Therefore, we decided to anneal all the crystals with 0 ≦ x ≦ 1 at 500 ◦C for 1 week
in the present work.
As we reported previously, we ascribe the Tc increase by our postannealing treatment
to the elongation of the pnictogen height.10) A similar annealing effect was reported in
Ca(Fe1−xCox)2As2.11) Ran et al. demonstrated that the postannealing treatment increases the
c-axis lattice constant and its effect depends on the annealing temperature. We speculate that
a similar mechanism causes the annealing temperature dependence of Tc in P-Sr122.
Figure 3 shows the temperature dependences of the magnetic susceptibilities χ(T ) of
the as-grown and annealed SrFe2As2 samples. The antiferromagnetic transition occurred at
TS,N = 197 K in the as-grown crystal, which is in agreement with a previous report.12) Af-
ter the annealing treatment, TS,N was increased to 204 K and the transition became sharper,
as shown in the inset. The absolute value of χ(T ) in the PT phase was reduced by the
postannealing treatment. This behavior was reproducible with different pieces of SrFe2As2.
However, it is still unclear what causes the reduction in the magnitude of χ(T ) in the PT
phase. The postannealing may be eliminate the paramagnetic impurities or defects and cause
5/14
J. Phys. Soc. Jpn. DRAFT
0 100 200 3000
0.5
1.0
1.5
χ 
(10
-
3  
em
u
/m
o
l)
T (K)
SrFe2As2
H // ab
as-grown
annealed
190 195 200 205 2100.4
0.6
0.8
1.0
χ 
(10
-
3  
e
m
u
/m
o
l)
T (K)
Fig. 3. (Color online) Temperature dependences of the magnetic susceptibility χ before and after annealing
for x = 0. The inset shows χ at approximately TS,N.
the reduction in χ(T ). Another possibility is the reduction in the density of state by an-
nealing, which was observed in the electronic specific heat coefficient of the PT phase in
SrFe2(As0.65P0.35)2,10) although its mechanism is also unclear.
The annealing effect on Tc was examined by magnetization M measurement for
SrFe2(As1−xPx)2 (0.30 ≦ x ≦ 0.60), as shown in Fig. 4. M is normalized by the absolute
value at the lowest measured temperature. Tc is clearly increased after the postannealing
treatment for all the compositions. For x = 0.30 and 0.35, Tc reached 33 K that is the highest
among those of P-A122 (A=Ba, Sr, Ca, and Eu).3–5, 13) For x = 0.39, 0.46, and 0.50, Tc is
increased nearly 10 K after the postannealing. More surprisingly, for x = 0.60, the annealed
crystal showed a superconducting transition at 5 K, whereas the as-grown one did not exhibit
a diamagnetic signal down to 1.8 K.
In Figs. 5(a)-5(h), we show the temperature dependence of resistivity ρ(T ) for 0 ≦ x ≦
1. The data are normalized by the value at room temperature, since there was no change
in ρ(300K) by the postannealing within a measurement accuracy. For x = 0, although the
as-grown crystal showed an anomaly due to the magnetostructural transition at 197 K, the
annealed crystal exhibited a sharper transition at 204 K, which is consistent with the magnetic
susceptibility measurement in Fig. 3. The residual resistivity ratio (RRR) ρ300K/ρ4.2K is also
changed from 3 to 10 after the postannealing. The annealing treatment clearly reduced the
residual resistivity, indicating that the impurity or disorder within the crystals was removed
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Fig. 4. (Color online) (a)-(f) Temperature dependence of magnetization M before and after annealing for
x = 0.30, 0.35, 0.39, 0.46, 0.50, and 0.60 in magnetic field H=10 Oe, respectively.
by this treatment. Also, for x = 0.10 and 0.25, the residual resistivity clearly decreases and
TS,N is increased after the annealing treatment [Figs. 5(b) and 5(c)]. For x ≧ 0.35, at which the
magnetostructural transition completely disappears, the reduction in the residual resistivity
was smaller than that for x ≦ 0.30. These indicate that the transport property is more sensitive
to the annealing treatment in the AFO phase than in the PT phase.
For x = 0.35, the T -linear behavior of resistivity is observed, which suggests a non-
Fermi liquid state due to a strong spin fluctuation. Actually, at this composition, (T1T )−1 is
strongly enhanced at low temperatures, where T1 is the spin-lattice relaxation rate in nuclear
magnetic resonance (NMR).14) With further P doping, ρ(T ) changed to the Fermi-liquid-
like T 2 dependence. Moreover, the enhancement of (T1T )−1 was not observed at x = 0.50.
These results suggest that a two-dimensional antiferromagnetic quantum critical point exists
at approximately x = 0.35 in P-Sr122. Similar quantum critical behaviors were also reported
in the P-Ba1223) and P-Eu122,15) indicating that such a quantum criticality is a common
feature in the P-doped 122 system.
To obtain further information on the electronic state, we studied the Hall effect in P-Sr122
with x = 0 and 0.35. Figure 6 shows the magnetic field dependence of the Hall resistivity
ρxy(H) and the temperature dependence of the Hall coefficient RH(T ) for x = 0 and 0.35.
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Fig. 5. (Color online) (a)-(h) Temperature dependence of the resistivity before and after annealing for 0 ≦
x ≦ 1. The absolute value of ρ(300 K) decreases from 0.29 mΩ cm for x = 0 to 0.22 for x = 0.35 and 0.030 for
x = 1.0.
RH(T ) was estimated by polynomial fitting with ρxy = RHH + αH3. For x = 0 [Figs. 6(a)
and 6(b)], the absolute value of ρxy(H) decreases and deviates from the H-linear dependence
below TS ,N after the annealing treatment. A similar result was reported in a previous study
of the annealed BaFe2As2.9) However, the H dependence of ρxy is weaker in the annealed
SrFe2As2 than in the annealed BaFe2As2. This may be caused by the smaller RRR of the
annealed SrFe2As2 (RRR∼10) than of the annealed BaFe2As2 (RRR∼ 30).9) In Figs. 6(c) and
6(d) for x = 0.35, ρxy(H) shows an H-linear dependence and little change with postannealing,
which is consistent with the annealing effect on ρ(T ) shown in Fig. 5.
In Fig. 6(e), the estimated RH(T ) value for x = 0 and 0.35 are plotted. For SrFe2As2,
RH(300 K) is negative, indicating that the dominant carriers are electrons. At approximately
TS,N(∼ 200 K), RH(T ) changes its sign. Such a sign change of RH is absent in BaFe2As2 where
RH(T ) abruptly decreases at TS ,N ,16) while it was present in EuFe2As2 and CaFe2As2.17, 18)
Such a behavior may be ascribed to the presence of the Dirac fermion,19) which was observed
in SrFe2As2 by quantum oscillation measurement.20) RH(T ) markedly decreases below TS ,N ,
and the absolute value of RH(T ) at the lowest temperature is 24 times larger than that at
room temperature, indicating that the carrier reduction is caused by the reconstruction of the
Fermi surfaces in the AFO phase. Although the carrier concentration is reduced, the resistivity
shows a sharp decreases at TS ,N and maintains a metallic behavior, as shown in Fig. 5. This
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Fig. 6. (Color online) (a)-(d) Magnetic field (H) dependence of the Hall resistivities (ρxy) of as-grown and
annealed single crystals for x = 0 and 0.35, respectively. The solid lines indicate the fitting results by the
formula ρxy = RHH + aH3. (e) Temperature dependence of Hall coefficient RH of as-grown (open symbols) and
annealed (closed ones) single crystals for x = 0 (circles) and 0.35 (triangles), respectively. The solid lines are
visual guides.
reflects the multicarrier nature of iron pnictides. For x = 0.35, although the magnetostructural
transition completely disappears, the absolute value of RH(T ) is slightly enhanced by a factor
of 2 as the temperature decreases. This may be caused by the multiband effect16) or the vertex
correction due to antiferromagnetic fluctuation.21)
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Fig. 7. (Color online) Phase diagram obtained from the as-grown and annealed single crystals of
SrFe2(As1−xPx)2. TS,N is defined as the temperature at which resistivity shows an anomaly due to the phase
transition to the AFO state. Tc is defined as the temperature at zero resistivity. The inset compares the phase
diagrams of annealed P-Sr122 and P-Ba122 systems. The data of P-Ba122 is cited from Ref. 13.
The electronic phase diagram obtained from the susceptibility and resistivity measure-
ments is shown in Fig. 7. Roughly speaking, this is the same as the general phase diagram ob-
served in AFe2As2 compounds. Namely, with P-substitution, the magnetostructural transition
is gradually suppressed and completely disappears at x = 0.35, while the superconductivity
emerges above x = 0.25. For the as-grown crystals, Tc,optimal = 26 K and the superconduc-
tivity disappears above x = 0.60. When the crystals are postannealed, TS,N increases and the
superconducting dome is enlarged. For x = 0.25 and 0.30, both TS,N and Tc are increased by
the annealing treatment. For x = 0.35, the optimal Tc is enhanced to 33 K by postannealing.
The obtained optimal Tc is as high as that of the physical-pressure-induced superconductivity
in SrFe2As2 and higher than that (30 K) of BaFe2As2.22, 23) This means that the chemically
or physically pressured Sr122 has a higher optimal Tc than Ba122. In the annealed sample
with x = 0.60, both zero resistivity and a diamagnetic signal were observed at approximately
5 K, while the as-grown crystal showed no superconductivity signature down to 1.8 K. The
results indicate that the superconducting region is widened beyond x = 0.60 by the annealing
treatment.
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The phase diagram for the as-grown crystals shows a smaller superconducting dome than
that of P-Ba122. This seems to be ascribed to the more three-dimensional structure and the
Fermi surface topology in P-Sr122 than in P-Ba122. However, after the postannealing treat-
ment, the obtained Tc dome is enlarged and very similar to that of P-Ba122, despite the large
difference in the a- and c-axes lattice constants. This is in contrast to the case of P-A122
(A=Eu and Ca). The recent photoemission measurement has revealed that the hole Fermi
surface with the dz2 orbital character is strongly warped along the kz-direction in P-Sr122.7)
The more three-dimensional electronic state realized in P-Sr122 should result in the worse
Fermi surface nesting than that in P-Ba122, and thus a lower Tc if the nesting condition is
crucial for superconductivity. Nevertheless, the optimal Tc of P-Sr122 is nearly the same or
even slightly higher than that of P-Ba122. This indicates that Tc is rather insensitive to the
crystal structural anisotropy c/a and the dimensionality of the electronic structure.
In contrast to the large difference in the lattice constants, the pnictogen heights are nearly
the same in the optimal doped P-Sr122 and P-Ba122 (x ∼ 0.3), hPn ∼ 1.32 Å,3, 10) as shown
in Fig. 1(d). In FeSC, it is well known that the pnictogen height and As-Fe-As bond angle
correlate with Tc.24, 25) In our previous work, we found that the postannealed P-Sr122 has
a longer pnictogen height and cleaner electronic state than the as-grown one.10) The close
relationship between the superconductivity and the pnictogen height has been explained by
the theory based on antiferromagnetic fluctuation mechanism.26) This theory predicts that the
reduction in the a- and c-axes lattice constants generally decreases Tc, while the elongation of
hPn enhances it. The present results demonstrate that the latter factor (hPn) is more important
than the former (a and c) for superconductivity, which gives some constraints on the theory
of superconductivity in FeSC.
4. Conclusions
We have successfully grown single crystals of SrFe2(As1−xPx)2 over the entire range of
x and performed a systematic study of its electronic properties as well as of the annealing
effects. The annealing treatment reduced the residual resistivity and increased TS ,N and Tc.
Using the annealed crystals, we have established the intrinsic phase diagram that was quite
similar to that of P-Ba122 despite the large difference in the a- and c-axes lattice constants.
The similarity between the two systems might be attributed to the nearly identical pnictogen
height, which dominates the electronic properties of iron pnictides. The dimensionality of the
Fermi surface is a less important factor for determining Tc.
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